This paper presents a bidirectional, four-quadrant flyback converter for use in direct audio power amplification. When compared to the standard Class-D switching-mode audio power amplifier with separate power supply, the proposed four-quadrant flyback converter provides simple and compact solution with high efficiency. higher level of integration, lower component count. less board space and eventually lower cost. Both peak and average current-mode control for use with 4Q flyback power converters are described and compared. lntegrated magnetics is presented which simplifies the construction of the auxiliary power supplies for control biasing and isolated gate drives. The feasibility of the approach is proven on audio power amplifier prototype for subwoofer applications.
Introduction
In parallel with the perfonnance improvement of the power electronics components in temns of higher power levels and switching speeds, new challenging application areas start to appear for the switching-mode power conversion. One of them is certainly the audio power amplification, where the switching-mode Class D audio power amplifiers become increasingly popular due to their efficiency, low losses, reduced volume and board space, with subsequent decrease in the product cost. This application area was ruled by the linear electronics amplifiers for many decades, but today they are leaving the scene since their poor efficiency and huge power losses are becoming major obstacle towards the trend of high-level product integration. Class D amplifiers are not without pitfalls either, since they are especially prone to EMC problems. However, the early success of the switching-mode audio power conversion on the market today shows that the Class D amplifiers are an emerging technology with a bright future. One of the usually overseen benefits of tie switching mode audio power conversion is tie possibility of closely interconnecting the front-end switching-mode power supply and the Class D amplifier into a single integrated stage, since the switches in both aforementioned parts perform similar functions of power processing through switching and can be therefore multiplexed. This results in a highly integrated product with Much better performance can be achieved with current mode control, where the inner current loop and the outer voltage loop are simultaneously used to derive the duty cycle of the main switch. While the voltage loop is always taken from the load, the selection of current for closing the inner current loop can ask for careful consideration. In the buck derived topologies, where the second order LC output filter is placed across the load, the inductor current is essentially the load current and by controlling directly the inductor current, the dynamics of the load current is being governed too. On the other hand, the flyback output current is different than the inductor curTent by a factor which depends on the duty cycle and it can be disputed which of these two is to be controlled. However, if the goal of the current selection is to simplify the control synthesis of the outer voltage loop, then obviously controlling the inductor current helps move the pole associated with the inductor to higher frequencies. Even more, sensing inductor current is sometimes easier due to its continuity and can be done in many different ways, some being more simple than the others. Therefore, in the following sections will be dealt only with inductor current control in the inner loop. There are many different ways to implement current mode control, among which the peak and average current mode control are probably the most applicable ones. They have some distinct advantages and pitfalls, which define their specific application areas. They can be both used in 4Q flyback SICAMs and their implementation is subject of the next few sections.
Peak current mode control
The block scheme of the control section of the 4Q flyback SICAM with peak current-mode control is given in Fig. 4 where the meaning of the corresponding transfer functions is given in Fig. 6 . It is interesting to note that, although the 4Q flyback converter has much simpler power section than the Class D amplifier with separate power supply, the control section shown in Fig. 4 tends to be involved and is further aggravated by the need for crossing the isolation barrier. 
Average current-mode control
Beside the aforementioned advantages of the peak current-mode control with regard to its simplicity, speed and cycle-be-cycle current limiting, there are also some serious drawbacks. The most important drawback is the fact that controlling the peak value of the inductor current does not necessarily mean that the average inductor current value follows the current reference, which becomes especially pronounced in the continuous mode operation with large ripple current and even more in the discontinuous mode. For example, if the peak inductor current follows perfectly the sinewave current reference of the audio amplifier, the actual average inductor current is likely to be much different than the reference, depending on the amount of current ripple. As a side effect of this problen, the low frequency gain of the peak current mode controller is limited and does not guarantee high performance throughout the whole power bandwidth. Operation of the 4Q flyback SICAM with large inductor ripple current is desired for at least two reasons. Firstly, large ripple is a result of low flyback transformer inductance which allows for much smaller size of the magnetics. On the other hand, low inductance is also a must, since for proper operation of the audio power amplifier the current level must be changed sufficiently fast to achieve the desired dynamics of the converter, This means that correct control of the average inductor current with low distortion will be nearly impossible with peak current mode control, In order to reduce the distortion, average current mode control can be implemented and optimized by slope matching for achieving optimal speed of the response [7] , comparable to peak current mode control. By proper design of the phase compensator in the inner current loop, sufficient gain can be provided even at low frequencies where peak current mode control is unable to deliver the same perfornance when large inductor current ripple is present. Average current mode control also enables use of non-dissipative techniques for inductor current sensing, in contrast to the usual current sense resistor technique. The Measurements on the prototype
To test the feasibility of the approach, an 80 W into 8 9 two-switch 4Q flyback subwoofer SICAM prototype with average current-mode control was constructed and its photo is shown in Fig. 10 . The switching frequency is set to f8 = 15,0 kHz. The prototype resembles the structure shown in Fig. 8 and it incorporates the aforementioned integrated magnetics for deriving all the auxiliary voltages on the secondary side, as in Fig. 9 . Fig. 11 
Conclusion
In this paper, a 4Q flyback converter for direct audio power amplification with unique operation principle has been presented. It is also shown how peak and average current mode control can be utilized to improve converter performance. New integrated magnetics is proposed for the 4Q flyback SICAM, which fits both the main and the auxiliary transformers on the same magnetic core. The experience gained from the prototype proved that this compact power conversion topology has the bencfits of being simple and having satisfactory efficiency combined with reduced volume, high power density, low component count and subsequently low cost, which makes it appealing for the low-power and low-end audio power amplifiers. Efficiency of the 4Q flyback
